The ATP binding cassette (ABC) transporters are primary transporters that couple the energy stored in ATP to the movement of molecules across the membrane. ABC transporters can be divided into exporters and importers; importers mediate the uptake of essential nutrients into cells and are found predominantly in prokaryotes whereas exporters transport molecules out of cells or into organelles and are found in all organisms. ABC exporters have been linked with multi drug resistance in both bacterial and eukaryotic cells. ABC transporters are powered by the hydrolysis of ATP and transport their substrate via the alternating access mechanism, whereby the protein alternates between a conformation in which the substrate binding site is accessible from the outside of the membrane, outward-facing, and one in which it is inward-facing. In this mini-review, the structures of different ABC transporter types in different conformations are presented within the context of the alternating access mechanism and how they have shaped our current understanding of the mechanism of ABC transporters.
Introduction
ABC transporters are one of the largest superfamilies and are found among bacteria, archaea and eukaryote [1] . Their functional role is very diverse, ranging from importing essential nutrients inside bacterial cells to conferring multi-drug resistance in cancer cells. ABC transporters can be classified as importers (type I and II) or exporters; type I and II importers are only found in bacteria and their role is to uptake 3 essential nutrients whereas exporters transport substrates out of the cell. They have been associated with multi drug resistance in both bacterial and eukaryotic cells.
Despite their distinct roles, both importers and exporters require the binding and hydrolysis of ATP for energisation. Their core architecture is a dimeric transmembrane domain (TMD) that contains the ligand binding site and a dimeric nucleotide binding domain (NBD) whereas ATP binds and hydrolyses [2] . Importers have an additional substrate binding protein (SBD) that binds the ligands and transfers them to the specific TMD for transport. The TMD amino acid sequence and topology are not conserved among the different types of ABC transporters. The only common structural component is the NBDs, with various conserved motifs, which couples ATP binding and hydrolysis to the TMDs whereas significant conformational changes occur for substrate translocation. Importers and exporters use the alternating access mechanism and they alternate between inward-and outward-facing states, which exposes the ligand binding site to the inside or outside of the membrane. Importers accept their substrate from the periplasmic face of the membrane and have to alternate from an outward to inward conformation, whereas exporters transport their substrate from the inside to the outside of the cell and alternate between inward and outward conformations for efflux. In recent years, structures from both importers and exporters have been determined at high resolution and in multiple conformations that have allowed the elucidation of their molecular mechanism. In this mini-review, the general architecture of the transporters and structures in the various conformations are outlined in the context of the alternating-access mechanism.
Nucleotide-Binding Domain

4
The NBDs are conserved throughout the different ABC transporter types. They have been called the 'engine' of the transporter [3] Thermotoga maritime [4, 5] in the presence and absence of nucleotides which demonstrates how the NBDs interact with the ATP and its implications in the transport cycle.
Coupling helices
Effective coupling of transport to ATP binding requires the transmission of the molecular motion from the NBDs to the TMDs. The TMDs of both importers and exporters interacts with the NBDs through an -helix, coupling helix, that is located in the cytoplasmic loops of the TMD. The structure of the coupling helix is conserved but its sequence varies between the different transporters. In exporters, such as Sav1866 [6] and P-glycoprotein (P-gp) [7] , and importers, [8] that contain six TM helices, the coupling helix is between TM4 and TM5. In the maltose transporter MalFGK 2 the coupling helices are between TM6 and TM7 in MalF and TM4 and TM5 in MalG [9] . The BtuCD contains ten TM helices and the coupling helix is between TM6 and TM7 [10] .
Type I ABC importers
The maltose transporter MalEFGK 2 from Escherichia coli has been crystallized in various conformations which have revealed the detailed mechanism for type I importers ( Figure 1 ). The maltose transporter consists of a periplasmic SBD, maltose binding domain, (MPB, MalE) that binds maltose, two TMDs (MalF and MalG) and two NBDs (MalK) [9] . In the maltose transporter MalFGK 2 the transmembrane region consists of two subunits: MalF with eight TM helices and MalG with six TM helices. transporter has been solved in the presence of maltose and larger sugars that provide key insights in the recognition and transport mechanism of type I importers [9, 11] . A large cavity is formed at the interface of MBP, MalF and MalG that reaches halfway across the membrane bilayer that binds a maltose molecule [9] . Two aromatic residues stack against the carbohydrate rings, as is frequently observed at sugar binding sites in proteins, and there are several hydrogen bonds. In the crystal structure, the MBP does not have maltose bound and is in an open conformation, implying that it has delivered the maltose to the transporter.
In its resting state, the maltose transporter adopts an inward-facing conformation with its substrate binding cavity open to the cytoplasm; the MalF and MalG subunits form a periplasmic gate that shields the transporter, whereas they have separated at the cytoplasmic side and exposed the binding cavity [12] (Figure 1 ). In the absence of nucleotides, the two NBDs, MalK, are also in an open conformation. The transport cycle starts when maltose loaded MalE binds to the TMD and adopts the pretranslocation state with movement of the TM helices [13] . The MalF and MalG subunits form an occluded maltose binding cavity that is sealed by periplamic and cytoplasmic gates. The pre-translocation state is an intermediate between the inwardand outward-facing states. As a result of these domain movements, the two MalK subunits come closer to each other that can bind ATP. Binding of ATP, results in dimerization of the two MalK subunits, and conformational changes along the TMD and MBP; the transporter adopts an outward-facing conformation whereas the periplasmic gate opens (but remains sealed by the bound MBP) and a closed cytoplasmic gate is formed [14] . Conformational changes along the TMD, open the MPB that releases maltose inside the TMD binding cavity [9] . ATP hydrolysis 7 releases maltose from the cavity, MBP dissociates from the MalFG subunits and the transporter resets in its inward-facing state for another cycle.
Type II ABC importers
The best structurally characterized type II ABC importer is the vitamin B 12 transporter from E. coli in different conformations (Figure 2) . The structures of the HiF protein (Hi1470/71) from Haemophilus influenzae [15] and the heme transporter HmuUV from Yersinia pestis [16] have also been reported. The vitamin B 12 transporter consists of two TMD subunits (BtuC), two NBDs (BtuD) and a SBD (BtuF) [10] . The main difference between the type II and type I importers is the number of TM helices that span the membrane; each BtuC subunit contains 10 TM helices rather than 5 in type I importers. The BtuC TM helices pack together [17] unlike ABC exporters that intertwine [6] . TM2 is positioned through the center of the subunit in proximity to the other helices, thus dividing the TMD in front and back faces. A substrate translocation pathway is formed at the dimerization interface of the two BtuC subunits; TM 5 and 10 pack against TM 10 and 5 from the opposite subunit. The four TMs form a welldefined cavity that is aligned with residues from both TM 5 and 10 as well as residues from TM 3 and 8. Periplasmic and cytoplasmic gates (gates I and II) determine the accessibility of the cavity by the substrate that adopts different conformations along the transport cycle [18] . The structure of BtuCD-F has been determined in various conformations including the presence or absence of the BtuF subunit and/or nucleotides. To-date, no type II importer has been reported in the presence of a ligand in order to explain how the substrate binds in the TMD and transported. 
ABC exporters
Bacterial ABC exporters can exist as homodimers or heterodimers with each monomer composed of a TMD consisting of six TM helices, which forms the translocation pathway across the membrane bilayer and an NBD where the hydrolysis of ATP takes place (Figure 3) . The core architecture of some eukaryotic ABC exporters can be built from one chain polypeptide. Unlike ABC importers that have provided structures for an almost complete transport cycle from the same protein, no ABC exporter from the same protein has been trapped in "all" available states to provide a detailed mechanism. Combination of structures from different proteins has elucidated their molecular mechanism, which is supported by biochemical and biophysical data.
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The crystal structure of several bacterial ABC exporters in different conformations has been elucidated: MsbA, lipid A flippase, from E. coli, Salmonella enterica and Vibrio cholera [20] , Sav1866 from Staphylococcus aureus [6] , NaAtm1 from Novosphingobium aromaticivorans DSM 12444 [21] and McjD, antibacterial peptide self-immunity, from E. coli [22] . The crystal structure of the heterodimeric bacterial ABC exporter TM287-TM288 from T. maritime has also been reported in the presence and absence of nucleotides in an inward-facing conformation [4, 5] . Despite the clinical importance of human ABC transporters, only one structure has been reported, ABCB10, that is involved in erythropoiesis [23] . Eukaryotic structures homologous to human ABC transporters have been elucidated including P-gp from mouse [7, 24] and Caenorhabditis elegans [25] , Atm1 from Saccharomyces cerevisiae [26] and from Cyanidioschyzon merolae [27] . All eukaryotic ABC exporters have been crystallized in the same inward-facing state.
The structures of Sav1866 and MsbA [6, 20] The only structural information between an ABC exporter and its substrate is from the crystal structure of the bacterial NaAtm1 [21] and eukaryotic Atm1 from S. cerevisiae [26] in complex with glutathione derivatives. The structure is in an inward-facing conformation and TMs 4-6 provide key interactions with the glutathione derivatives.
The structure of the mouse P-gp has been determined in complex with cyclic peptide inhibitors [7, 24] ; these peptides are bound in different sites within the TMD, which provide useful information on the broad selectivity and multi drug nature of eukaryotic ABC exporters. [6, 20] . ATP hydrolysis resets the transporter back to the inwardfacing conformation. This model is widely accepted but how the transporter alternates between the two conformations has been unclear. The structure of McjD in the nucleotide bound outward occluded conformation provided key mechanistic details on this process [22] . McjD has structural similarities to the periplasmic closed end of the TMs of apo MsbA (inward-closed), and the cytoplasmic closed side of the nucleotide bound Sav1866 and MsbA (outward-open) [6, 20] . Therefore, McjD is in an intermediate state between the two conformations and it has been proposed that after the ligand has left the outward open cavity, TMs 1-2 rotate away from TMs 3-6 of the opposite monomer to form the outward occluded state without TMD intertwining [22] . Transition from the outward occluded state to the inward open facing conformation will require ATP hydrolysis, which disrupts the NBD dimerization interface, and induces intertwining of TMs. An occluded conformation may also exist in the transition from inward-to outward-facing states.
Concluding remark
In the past few years we have seen an increase of available ABC transporter 
